To date, key water-energy connections have not been systematically quantified. Nor has their potential for contributing to greenhouse gas mitigation been evaluated. Lack of knowledge of these links, particularly within cities, is viewed as a major limitation to energy-sensitive urban water management and integrated urban design. This paper fills part of this void. The key contribution is a new conceptual model coupled with a systematic review of the connections of influence. Drawing on Australian and international data, the results provide a structured estimate of water-related energy use and associated emissions in a hypothetical city of 1,000,000 people. This demonstrates that water-related energy use accounts for 13% of total electricity and 18% of the natural gas used by the population in the average case. This represents 9% of the total primary energy demand within Australia or 8% of total national territorial greenhouse gas emissions. Residential, industrial and commercial water-related energy use constitutes 86% of water-related greenhouse gas emissions.
INTRODUCTION
The water sector in Australia and elsewhere has recently been active in reducing energy use and associated green- Energy use associated with water for provision and use in agriculture was excluded because this work focused on cities.
The paper aims to contribute towards development of methods to analyse water-energy-carbon links in cities.
We hope this will help to inform policies and strategies which simultaneously address water and energy flows, and to move away from solutions which shift the problem from one resource domain to another. Water and energy represent major components of the overall urban metabolism, the analysis of which has long been in need of methodological advance and consistency (Daniels & Moore ) . Addressing resource flows through cities, while maintaining or improving human well-being and ecosystem health is a current sustainability challenge (Newman ) .
FOCUS, SCOPE AND METHOD

Focus and scope
This paper considers water flows from centralised and decentralised urban water systems. Stormwater was not considered because most current stormwater management in Australia involves relatively low energy inputs and substantially less data exists. With regard to the energy cycle, the paper addresses both the provision and consumption of water in cities including pumping and treating water and 'Direct' links between water and energy were considered from the perspective of water utilities. 'Indirect links' were considered as having implications other than at water utilities. Owing to the complexity of indirect energy links, we considered only those connections already identified in the literature. More indirect connections could be expected to emerge with further analysis.
The focus on cities was adopted because they are now home to over half the world's population (Sheehan ) .
The rapid anticipated growth of urban systems provides major opportunities to reconfigure infrastructure to more efficient forms. Understanding the links between water and energy within cities helps address the root cause of consumption, and consequently also contributes to resolving energy supply issues.
Method
Guided in part by the method outlined in a seminal paper by Wolman (), a hypothetical city of 1,000,000 people was used to provide an analysis framework. This helped overcome difficulties compiling data sets for any particular city and enabled use of data from the best international sources.
Literature and data review was central to identifying and quantifying linkages. Water-related energy connections were defined and grouped by characteristic categories. These included: (i) the provision (P) of water; (ii) the use of water (U); (iii) resources in wastewater (R); (iv) the urban heat island effect (H ); and (v) other water-related energy (O) Equation (1).
The components of T are further described as follows.
All units are in GWh for all equations (i.e. the equations do not add intensities in kWh/m 3 ).
• Water services provision (P): This is energy related to supplying water and wastewater services Equation (2).
• Here, Pw and Pww include energy use for treating and transporting water and wastewater, respectively, via centrally managed facilities. This largely represents utility energy use; however, energy for transfer of raw water by private contractors operating infrastructure for utilities is also included. Pd is the energy to deliver decentralised (household and cluster-scale) supplies such as rainwater tanks. Ph is energy for additional pressure necessary to deliver water to high-rise apartments. Finally, Pb is the energy demand for bottled water provision.
• Water use (U): This includes energy use related to the use of water Equation (3): either consumptively or non-consumptively. For example, this includes energy for heating within households (Urhw), other energy associated with residential water use (Uro) such as filtering or pressurising water. It also includes energy use associated with use of water in the commercial (Uc) and industrial (Ui) sectors.
• Resource recovery: This includes energy use affected by management of resources in wastewater Equation (4).
For example, carbon and methane (Rc) are either lost from the wastewater system, or captured and harnessed for heat or electricity at wastewater treatment plants. It also includes the energy needed to return to productive purposes, nutrients and elements lost in wastewater such as nitrogen (Rn), phosphorus (Rp) and potassium (Rk).
• Heat island effect (H): The component of urban heat island influence associated with water management in cities.
• Other (O): All other energy use influenced by water management including role of urban agriculture.
Energy use was tracked either as electrical or natural gas. Natural gas was converted from various units (therms, megajoules, BTU) into kWhth based on the energetic value (e.g. 3.6 MJth per kWhth). In order to compare total 'water-related' energy use with primary energy use, electrical energy (kWhe) was converted to thermal equivalents using 3 kWhth for each 1 kWhe, based on the approximate current natural gas or coal-fired power station efficiency (Gleick & Cooley ) . For the purpose of the hypothetical city, electrical energy was assumed to have greenhouse gas emissions intensity of 1.0 kg CO 2 -e/kWh. This is approximately the national full fuel cycle value for Australia's electrical supply which is provided largely from coal-fired power plants. The greenhouse gas intensity of natural gas was similarly assumed to be 0.2 kg CO 2 -e/kWh (Australia
).
A first-order sensitivity analysis was undertaken by identifying the range of each parameter considered in the literature (Appendix, available online at http://www. because it moves water further and higher.
Energy demands for wastewater in Australian cities ranged from 0.45 to 1.13 kWhe/m 3 ( Table 1) intensities could help reduce energy use associated with rainwater tanks.
High rise pumps (Ph)
Cheng () identified that pressurising water for use in high-rise buildings contributes about 0.14 kWh/m 3 for each six stories of lift. Cities with a larger proportion of high-rise buildings increase the amount of vertical pumping required. However sprawling cities also often require increased horizontal pumping to distribute water to suburbs which are often increasingly distant from the primary sources of water.
Bottled water (Pb)
Bottled water uses from 1,500 to 2,800 kWhth/m 3 (5.6-10.2 MJth/l) depending largely on the transport distance and bottle size (Gleick & Cooley ) . This is around 1,000-2,000 times the energy demand per volume of centralised water supplies. Locally produced bottled water has its energy profile dominated by manufacture of the bottle (390-1,600 kWhth/m 3 ); larger bottles are more energy efficient per litre. However, long distance transport (e.g.
greater than around 1,000 km) can lead to transport energy requirements being more than the bottle manufacture. 16 PJ was consumed by water-using appliances including clothes-washers, dishwashers, kettles and swimming pool filters. Consequently, total water-related energy could be substantially more than the energy demand of the hot water system, particularly with regard to usage of electricity.
Water policy can substantially influence indoor water use. For example, the proportion of water-saving fixtures (e.g. water efficient shower heads), and the efficiency of appliance stock (clothes-washers, dishwashers) can all have a 
WATER-RELATED ENERGY USE IN A HYPOTHETICAL CITY
Using the studies identified above, water-related electricity, natural gas and primary energy were assembled for a hypothetical city of 1,000,000 people (Table 3) and high cases is shown in Figure 1 . Electricity, natural gas and primary energy used by 1,000,000 people in Australia are shown in Table 4 , together with the total waterrelated energy from Table 3 .
Total water-use related energy use for a city of 1,000,000 people was 1,379 GWh per annum electricity use and 2,675 GWh per annum natural gas use. This accounted for 13 and 18%, respectively, of total national use (Table 4) . This is equivalent to 9% of the total primary energy use in Australia in 2006-07.
Water use (U) constituted 86% of average water-related greenhouse gas emissions (Table 3) . Provision of water (P), accounted for 10%. This included both water and wastewater service delivery but excludes water-related fugitive emissions. A further 4% of water-related greenhouse gas emissions was attributable to influences of resource loss and the urban heat island effect. Calculated by converting 1 kWh electrical energy ¼ 3 kWh thermal energy (Gleick & Cooley 2009) , and adding this to average natural gas usage.
c Assumes 80% electrical hot water systems for the 'high' case and 80% natural gas for the 'low' case.
See Appendix for all parameters, assumptions and references (http://www.iwaponline.com/jwc/002/005.pdf).
of water sales can impact business viability. Alternative incentives need to be found. While some systems (such as incentive payments for reaching water conservation targets)
can be successful, alignment of incentives through supporting policy is also anticipated to be needed in order to achieve long-lasting effects.
Part of the reason that industry and government appears to have overlooked the wide connections between water and energy is because the management of our city-systems has been reduced to its components of 'water', 'energy' and 
Water and energy optimisation of cities
Optimisation of a system cannot be achieved by optimising one part in isolation. Optimising our city-systems for water and energy simultaneously could have major implications and lead to paradigm change in the design, management and evaluation of water and cities. How can we assess how a 'water-sensitive' city contributes to energy management and carbon mitigation? Such a move could shift analysis beyond our current narrow, organizationally focused definitions of 'carbon neutrality', into one which addressed multiple and varied energy implications of used 2,796 PJ of secondary energy (largely electricity from coal and derived products from oil). Australia also exported a further 13,400 PJ of primary energy (ABS 2011). For water-related energy, primary energy use is "equivalent" energy as calculated in Table 3 . b Data source: AGO (2010) Figure 1 | Water-related primary energy use in a hypothetical city of 1,000,000 people.
water. More generally, such a move would be a great step forward to managing the overall urban metabolism and reducing the total impact of the city.
Innovative new cities, buildings and industries could yield order-of-magnitude improvement in both water and energy efficiency. A major challenge lies in the formulation of appropriate designs, evaluating these from water and energy perspectives conjunctively, and then working to transition to these forms. This will require a truly multidisciplinary effort spanning government, industry and research capabilities. Establishing the necessary regulatory frameworks, reporting arrangements and overall governance to provide incentives for such future design is also a major challenge.
CONCLUSIONS
Water-related energy in a hypothetical Australian city of 1,000,000 people accounted for 1,379 GWh per annum electricity use and 2,675 GWh per annum natural gas use. This is equal to approximately 13% of national electricity use, 18% of natural gas use and 9% of primary energy use. Collectively it represents 8% of total national greenhouse gas emissions with a range of 4-16% being possible for individual cities. Numerous opportunities exist for water policy and management to influence energy use; however, there are many constraints to progress.
This paper quantifies water-related energy within metacategories of 'provision', 'use', 'resource recovery' and 'urban heat island' influences. It provides a conceptual model and structure against which cities can be analysed.
It helps identify where management of water-related energy could have the greatest impact along with critical data gaps.
Substantial further work is required to move from hypothetical (average) analysis to quantified results for specific cities. Such analysis could reveal significant differences between individual cities. Further work to develop methodologies is also required along with more detailed characterisation of key factors, sensitivities and uncertainties.
As the challenges of climate change continue to unfold, and greenhouse gas mitigation targets progressively tighten, understanding and using the connections between water and energy will provide a means to simultaneously and systematically influence energy use and carbon emissions related to water. Information on the connections between water and energy is essential if we seek to solve, rather than shift the problem. Understanding the connection will also help us transition to cities with high levels of water and energy efficiency. Such cities could be well on the way to being truly water-sensitive.
